Abstract
Introduction
Arterial stiffness is a major risk factor for myocardial infarction, stroke, end-stage renal disease and other cardiovascular diseases (CVDs) [1] [2] [3] . Mortality rates from CVD in [2003] [2004] [2005] [2006] were approximately 1.7 times higher in US adults diagnosed with diabetes mellitus than in adults without diabetes [4] . It is now recognized that measures of central arterial function are better and more useful predictors of vascular health outcomes than measures of traditional blood pressure (BP) [5] , and pulse wave velocity (PWV) is now considered the gold standard non-invasive method for measuring aortic stiffness and, more generally, arterial stiffness [6] .
Prenner and Chirinos [7] provide a recent thorough review of the literature on arterial stiffness in diabetes mellitus. Increased arterial stiffness is an independent predictor of mortality and cardiovascular events both in people with diabetes and in the general population [5, 8] . As summarised in this review, the majority of studies demonstrating associations between arterial stiffness and diabetes mellitus have been cross-sectional [7] . A prospective study by Cruickshank et al. [5] in the UK of mortality in type 2 diabetes mellitus (T2DM) showed that those with T2DM who died over a mean follow-up period of 10 years were older, smoked more, and had PWV and systolic pressures that were higher on average by 2.6 m/s and 10 mm Hg, respectively, than those who survived. PWV was higher in T2DM subjects than in controls, and those who died had higher baseline PWV on average for any level of baseline systolic pressure [5] . Other prospective studies have shown associations between pulse pressure and coronary heart disease and stroke [9] , all-cause mortality in individuals with impaired fasting glucose [10] and CVD mortality in subjects with T2DM but not in those without diabetes [11] . Johansen et al. [12] showed that each yearly increase in haemoglobin A1c (HbA1c) of 0.1% points was associated with a 0.24 m/s higher PWV over a 7-year period.
Few studies have examined the relationship between T2DM duration and aortic stiffness, taking into account the influence of other lifestyle and cardiovascular factors. Using data collected from participants of the Maine-Syracuse Longitudinal Study (MSLS), 2 hypotheses were advanced: (1) T2DM will be prospectively associated with increased mean arterial stiffness (as inferred by PWV) over a 4-to 5-year period when adjusted for multiple cardiovascular risk factors and lifestyle-and PWV-related variables; and (2) the magnitude of association between T2DM and PWV for individuals with well-controlled glycaemic levels will be less than that seen for persons with suboptimally controlled diabetes.
Materials and Methods

Participants
The MSLS was a community-based study of cardiovascular risk factors and cognitive functioning in adults from the Central New York area [13, 14] . It employed a time-lagged longitudinal-cohort design with new subjects recruited into the study every 5 years. Persons diagnosed with psychiatric illness and alcoholism were excluded at recruitment.
Comprehensive data on CVD risk factors and disease were first collected at wave 6 (baseline of this study). PWV data were obtained for the first time at wave 7. This allowed for a prospective design in which T2DM status at wave 6 (2001) was used to predict PWV at wave 7 (2006) with adjustment for demographic variables and cardiovascular risk factors (mean time between waves: 4.7 ± 0.6 years). Eight-hundred twentytwo subjects were invited to the laboratory for testing at wave 7. Six-hundred nine participants returned and completed PWV data collection. Participants were excluded for the following reasons: having missing data for health variables ( n = 53), history of acute stroke ( n = 28), probable dementia ( n = 8), undertaking renal dialysis treatment ( n = 5), inability to read English ( n = 1), and prior alcohol abuse ( n = 1), leaving a sample of 508 study participants. None of the study participants had type 1 diabetes.
The proportion of persons in the diabetes group at wave 6 (10.1%; Table 1 ) is the same as the proportion of those with T2DM in the Framingham Heart Study of diabetes and cognitive performance (10.3%) [15] .
Acute stroke was defined as a focal neurological deficit of acute onset persisting more than 24 h and was based on self-report and confirmed by a record review indicating a diagnosis of acute stroke. Clinical diagnoses of dementia were determined by a team including 2 neuropsychologists, a social psychologist and a geriatric physician using cognitive data, medical records and criteria established by the National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria [16] . Recently, the diagnostic decisions were confirmed using the ICD-10 guidelines [17] .
This study was conducted according to the guidelines established by the Declaration of Helsinki, and all procedures and analyses were approved by the University of Maine and State University of New York (SUNY) Health Sciences Center.
BP and PWV Assessment
Automated BP measures (GE DINAMAP 100DPC-120XEN, GE Healthcare) were taken in the right arm 5 times each in recumbent, standing and sitting position after a supine rest for 15 min, and the 15 values were averaged for systolic BP and diastolic BP, as dictated by the MSLS protocol. Mean arterial pressure (MAP) was calculated using the following: diastolic BP + (1/3 × pulse pressure).
Following a rest, carotid femoral PWV was assessed non-invasively in the supine position following the SphygmoCor ® protocol (AtCor Medical, Sydney, NSW, Australia). A minimum of 2 but sometimes 3 Values for wave 6 and wave 7 are given as means ± standard deviations unless otherwise indicated. Values for change (wave 6 minus wave 7) are given as "mean change" for demographics and PWV variables, and as "% change" for comorbidities. BMI, body mass index; BP, blood pressure; CRP, C-reactive protein; CVD, cardiovascular disease; FBG, fasting blood glucose; HDL, high-density lipoprotein; Hcy, homocysteine; LDL, low-density lipoprotein; MAP, mean arterial pressure; MET, metabolic equivalent; PA, physical activity; PWV, pulse wave velocity; T2DM, type 2 diabetes mellitus. a T2DM was defined as a fasting glucose level of ≥126 mg/dL or being treated with anti-diabetic medication.
b p values were obtained by analysis of variance for continuous variables or the χ 2 test for categorical variables. c PWV was not measured at wave 6, and CRP was not measured at wave 7 due to reduced funding.
d Change in % values from wave 6 to 7 are expressed as wave 7 minus wave 6 values. e CVD was based upon self-reported history of coronary artery disease, myocardial infarction, congestive heart failure, transient ischemic attack or angina pectoris, confirmed by medical records.
f Hypertension was defined as BP ≥140/90 mm Hg or being treated with anti-hypertensive medication. g Obesity was defined as BMI ≥30.
serial assessments of PWV were obtained in order to obtain a single assessment that best met SphygmoCor criteria for a record of acceptable quality. Data are reported as the results of that single best assessment. The PWV technician was trained to a high level of proficiency by a cardiologist, who as part of the training supervised the procedure. Electrocardiogram-gated carotid and femoral waveforms were recorded using applanation tonometry. Carotid-femoral path length was measured as the difference between the surface distances joining (1) the suprasternal notch, the umbilicus and the femoral pulse and (2) the suprasternal notch and the carotid pulse. Carotid-femoral transit time was estimated in 8-10 sequential femoral and carotid waveforms as the average time difference between the onset of the femoral and carotid waveforms. The foot of the pulse wave was identified using the intersecting tangent method. The distance measurements were entered into the software in millimetres. PWV was calculated as the carotid-femoral path length divided by the carotid-femoral transit time and expressed in m/s. This is an established, widely employed, non-invasive and reproducible method to determine arterial stiffness [6] . The coefficient of variation (1.79%) for serial measurements of PWV in our laboratory indicates high reproducibility of the PWV measurements [13] .
Predictor Variables T2DM (wave 6) was defined by self-report of diabetes, confirmed by glucose levels at wave 6 and 7, or drug treatment for diabetes. Controlled fasting diabetes was defined as having glucose levels of 80-130 mg/ dL and controlled non-fasting diabetes as glucose levels of <180 mg/dL [18] . Duration of diabetes at wave 7 was calculated based on the initial date of determination subtracted from the date of participation at wave 7. Fasting glucose levels at wave 6 were employed in separate analyses. Treatment as usual was conducted by the patient's physician with treatment information entered into the participant's protocol for our use. HbA1c levels were obtained by the metabolic clinic and/or the participant's physician when essential to a diagnosis, but individual values were not available to our study.
Diabetic participants at baseline (wave 6) and wave 7 were taking 1 or more of 15 diabetic medications with a range of 0-3 being taken in combination. The following classes of hypertensive drugs were used, alone or in combination: angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, calcium channel blockers, α blockers and β blockers. HbA1c levels were obtained by the metabolic clinic and/or the patient's physician when essential to a diagnosis, but individual values were not made available to our study.
Covariates
Demographic, socioeconomic and lifestyle characteristics were obtained from the Nutrition and Health Questionnaire [19, 20] . Data obtained included smoking history, marital status and medical history. Physical activity was measured with the Nurses' Health Study Activity Questionnaire, a validated measure of time spent engaging in various physical activities [21] . Education level was obtained through self-report and ranged from 4 to 20 years. Dietary intake was assessed using the Nutrition and Health Questionnaire, including a widely validated food frequency questionnaire [19, 20] .
Among diabetic individuals, duration of diabetic medication, current prescription status (diabetic medication) and insulin-specific treatment status were all not related to PWV ( p ≥ 0.18 for all) and, thus, were not included in our regression models as covariates had to be related both to the predictor and outcome variables. Obesity was defined as a body mass index (BMI; kg/m 2 ) of ≥ 30, and CVD was based upon self-reported history of coronary artery disease, myocardial infarction, congestive heart failure, transient ischemic attack or angina pectoris, confirmed by medical records. Standard assay methods were employed [22] to obtain fasting plasma glucose (mg/dL), total cholesterol (mg/dL), low-density lipoprotein cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), triglycerides (mg/dL), C-reactive protein (CRP; mg/L) and plasma homocysteine (μmol/L) following an overnight fast. Blood sampling methods and assays have been fully described previously [22] .
Statistical Analyses
Participant demographics, health and dietary variables and BP measures were compared according to T2DM (yes/no) at wave 6. Independent-samples t tests were used for continuous variables and the χ 2 test for categorical variables for the analyses involving demographic variables.
Analysis of variance (categorical regression analyses) was used to relate T2DM with PWV using 3 covariate models. The following models were employed to adjust for confounding: -Model 1: basic model: age (years) + gender + education (years) + ethnicity; -Model 2: PWV model: Basic + heart rate (bpm) + MAP (mm Hg) + height (cm) + weight (kg); -Model 3: full model: PWV model + smoking (cigarettes/day), physical activity (metabolic equivalent-h/ week), plasma homocysteine (μmol/L), alcohol intake (g/day) and C-reactive protein (mg/L). The rule for including covariates was that they had to be related to the predictor and the outcome (potential confounders) or be clinically relevant, e.g., cholesterol levels. Additional and alternative models were employed in sensitivity analyses reported later in this paper.
In addition, logistic regression was used to determine the likelihood of having elevated PWV, defined as ≥ 12 m/s [23] , using the same models as described above. There is no formally agreed upon level for high PWV, but normative data [23, 24] suggest a cut-off score of 12 m/s as clearly in the range of high PWV. The non-diabetes group served as the reference category. Analysis of variance was also used to compare PWV between controlled and uncontrolled glycaemic levels and hypertension in persons with diabetes.
Statistical analyses were performed with PASW for Windows ® version 21.0 software (formerly SPSS Statistics Inc., Chicago, IL, USA); p < 0.05 for 2-tailed tests was considered statistically significant.
Preliminary Tests of Interactions
Preliminary to the selection of the final models, tests of interactions between T2DM and age and sex were performed, as were tests of interactions of T2DM with BP, hypertension and CVD. None of the interactions reached statistical significance (all p > 0.10). Table 1 shows the demographic and health-related variables at waves 6 and 7 according to T2DM status at wave 6, the difference scores for these variables and associated p values. Ten percent of the sample had diabetes at wave 6, of which 48% were female. The mean duration in which diabetes had been diagnosed prior to wave 6 was 2.7 ± 4.2 years. Of diabetic individuals, 81% were on diabetes medication at wave 6, and 73% were also on BP medication. Change in covariates from waves 6 to 7 was observed in diabetics for 3 variables, i.e., fasting glucose (decreased), plasma homocysteine (increased) and weight (decreased) (all p < 0.05), and a marginal increase in diabetic medication use was found ( p = 0.08). The prevalence of diabetes increased to 15% at wave 7.
Results
Compared to those without diabetes, diabetic individuals at wave 6 exhibited significantly higher BMI, systolic BP, plasma homocysteine, fasting plasma glucose and triglycerides. Individuals with diabetes had significantly lower cholesterol levels, performed less physical activity and consumed less alcohol than people free from diabetes. These trends at wave 6 were similar at wave 7. Figures 1 and 2 show systolic BP and fasting plasma glucose levels for the 3 groups of participants, i.e., no diabetes, controlled diabetes and uncontrolled diabetes, at waves 6 and 7. Table 2 shows the odds ratios (OR) and 95% confidence intervals (CI) associated with elevated PWV ( ≥ 12 m/s) at wave 7, according to T2DM status at wave 6. Study participants without diabetes served as the reference group for this analysis, and this group was compared with T2DM with well-controlled and suboptimally controlled glycaemic levels. Individuals with uncontrolled diabetes had over an 8-fold greater risk of elevated PWV than individuals without diabetes (OR 8.40, 95% CI 3.46-20.4, p < 0.001, basic model). With the addition of PWV-related variables and cardiovascular risk factors, this association between uncontrolled T2DM and PWV remained (OR 9.14, 95% CI 3.23-25.9, p < 0.001, model 3). Controlled T2DM subjects also had a significantly higher PWV than those without diabetes (OR 3.20, 95% CI 0.99-10.3, p = 0.05, model 2). This was no longer statistically significant in the fully extended model ( p = 0.06), but results were in the same direction (OR 3.13, 95% CI 0.96-10.3).
Main Effects of Diabetes
In a final step, we examined the relationship between fasting plasma glucose and PWV in a subset of individuals ( n = 477), including diabetic individuals who were permitted to fast via our institutional protocol. Fasting plasma glucose was positively associated with PWV, with statistical adjustment for the variables in model 3 (b = 0.019, 95% CI 0.011-0.027, p < 0.001) and in the lower-order models (both p < 0.001; data not shown). The study protocol did not permit diagnosed diabetics to fast without their physician's approval.
Sensitivity Analyses
The PWV-related variables taken from wave 7 in model 2 (heart rate, height, weight and MAP) were taken from wave 6 in a sensitivity analysis, and the results remained unchanged. Moreover, when weight and height (from wave 7) were replaced by waist circumference and then BMI (from wave 7), no change in the results was observed. Further, replacing MAP (at wave 7) with systolic and diastolic BP (taken at wave 7) [25] and hypertension (yes/no) in 3 separate analyses did not alter the results, nor did adding treatment with anti-hypertensive medication (yes/no) to the third model.
Adjusting for cardiovascular risk factors at wave 7 rather than wave 6 made no difference in the findings (model 3: with T2DM: mean PWV 12.4 ± 0.39 m/s vs. without diabetes: mean PWV 10.3 ± 0.12 m/s, p < 0.001). In additional sensitivity analyses, total cholesterol and then high-density lipoprotein and low-density lipoprotein cholesterol and triglycerides were added to model 3 (in separate analyses). Results remained unchanged (PWV remained significantly higher in those with T2DM than in those without, p < 0.001 for both).
Among diabetic individuals at wave 7 ( n = 83), the duration of diagnosis in years (mean 5.12, SD 4.494) was related to higher PWV (wave 7) adjusting for basic demographics ( 
Attrition
Participants who completed both waves 6 and 7 ( n = 508) were compared with those who did not return for wave 7 testing ( n = 464). Those who dropped out were older, had higher systolic and diastolic BP, higher plasma homocysteine and lower high-density lipoprotein cholesterol (all p < 0.05). A slightly higher proportion of individuals who did not complete wave 7 were diagnosed with T2DM, CVD or hypertension (all p < 0.05) compared to completers.
Discussion
Arterial stiffness is a powerful independent risk factor of cardiovascular events and mortality [3, 26] . PWV is the gold standard non-invasive measure of arterial stiffness [6] . It is thus very important to know if there are prospective relations between diabetes and PWV because cross-sectional studies provide no information about the direction of this relationship. Very few long-term studies considering duration of diabetes and controlled versus non-controlled diabetes have been done using a prospective design. Data from the present study confirmed our 2 hypotheses: (1) T2DM did prospectively associate with increased mean arterial stiffness (as inferred by PWV) over a 4-to 5-year period when adjusted for multiple cardiovascular risk factors and lifestyle-and PWV-related variables; and (2) the magnitude of association between T2DM and PWV for individuals with well-controlled glycaemic levels was less than that seen for persons with suboptimally controlled diabetes. The risk of elevated PWV associated with diabetes was statistically significant after adjustment for cardiovascular risk factors, physical activity, smoking, CRP and alcohol intake. Further, the findings remained with additional adjustment for use of antihypertensive medications. The finding that control for diabetes is associated with lower PWV, and by inference less arterial stiffness, is particularly important because the means for control of diabetes are readily available and often successful.
Consistent with the literature [7, 27] , duration of time in years between first detection of T2DM and wave 7 PWV assessment was positively correlated with magnitude of PWV. This finding supports the work of others [27] [28] [29] . Agnoletti et al. [28] examined 618 T2DM patients and showed that across increasing tertiles of T2DM duration PWV increased significantly, while glycaemic control and renal function worsened [28] . T2DM duration was independently associated with PWV, explaining about 4% of PWV variability from low to high tertiles [28] . Positive results have, therefore, been demonstrated with adjustment for CVD variables, large sample sizes and long durations of measurement.
Failure to see interactions of systolic BP, diastolic BP or hypertension with diabetes has been reported in the literature [7] and may have been related to the small sample of people with diabetes available to the analysis when stratified into controlled and uncontrolled groups or the fact that the majority of those with T2DM and hypertension were treated at wave 7 (87.7 and 88.4%, respectively), and better control of T2DM and hypertension was achieved at wave 7 as opposed to wave 6 (35.3% of those with diabetes were controlled at wave 6 and 56.3% were controlled at wave 7). The improved levels of control between waves 6 and 7 may be related to the fact that all subjects diagnosed with T2DM were referred to the metabolic unit at our affiliated hospital, State University of New York, Syracuse, NY, USA, or to their own physicians for treatment. While this procedure would lead to underestimated risk of higher PWV in the individuals in the study with diabetes and hypertension, it is an ethical requirement in most, if not all, longitudinal studies.
We have extended the cross-sectional work of Chirinos et al. [30] and others [31] [32] [33] by demonstrating prospective longitudinal associations between diabetes and PWV, with additional statistical control for other potential covariates in addition to age, sex and MAP, and in a sample of adults encompassing a wider age range. More recently, Xu et al. [34] calculated a genetic risk score and used a Mendelian randomization analysis and, on this basis, argued for a causal relationship between T2DM and arterial stiffening in a Chinese population. We did not have a genetic risk score in the present study, but we see a positive association between T2DM and PWV scores.
Given the value of PWV as an independent predictor of mortality and cardiovascular morbidity in subjects with diabetes [5, 35] , studies of mechanisms linking T2DM with PWV are important [36] . Prenner and Chirinos [7] have reviewed mechanisms that may account for, or mediate, associations between T2DM and PWV with emphasis on the role of advanced glycation end-products and nitric oxide dysregulation. Briefly, oxidative stress may be responsible for the development of arterial stiffness in individuals with well-controlled T2DM [37, 38] . However, our findings were not attenuated with the addition of CRP to the model, and the CRP × T2DM interaction term was not significant. Other potential mechanisms underlying greater arterial stiffness in T2DM include aortic wall calcification, endothelial dysfunction, elevated extracellular matrix deposition of collagen and greater advanced glycation endproduct formation [39] [40] [41] .
Among limitations, the study design was prospective but not longitudinal as no data on PWV were available in the MSLS database until wave 7. Strengths of the study were that data were available on objectively measured cardiovascular risk factors in non-patients recruited from the community. The absence of HbA1c values is a limitation, but these were not considered essential to a diagnosis of diabetes when the study was conducted [42] .
Summary, Conclusions and Implications
T2DM is prospectively associated with increased mean arterial stiffness (as inferred by PWV) over a 5-year period when adjusted for multiple cardiovascular risk factors and lifestyle-and PWV-related variables. Given the value of PWV as an independent predictor of mortality and cardiovascular morbidity in subjects with T2DM [5, 35] , more studies are needed to improve the understanding of the mechanisms linking these factors and to direct strategies for individuals with diabetes to benefit arterial function [36] . The robust prediction of arterial stiffness over many years of life is observed even when diabetes mellitus and hypertension have been well controlled over time. Thus, prevention and early treatment of T2DM is critically important for the prevention or attenuation of arterial stiffness and attendant CVD mortality and morbidity.
